The leopard Panthera pardus is thought to be sparsely distributed across Pakistan and there is limited understanding of the demographic structure and distribution of the species in this country. We conducted a study, , in the northern Pakistan region to establish the presence and distribution of leopards, mindful at the outset of their abundance in that region. The presence of leopards was confirmed in the Swat, Dir and Margalla Hills region. The leopard population in Gallies and Murree Forest Division was preliminarily assessed via camera-trapping. As a result, a total of 63 potential areas of leopard population were identified initially. The leopard was photo captured at 27 locations (hotspots) with 34 capture events yielding 195 images over the course of 3,022 active trap-nights. Camera trap images were examined to identify leopard individuals using their rosette patterns on both the left and right flanks and the dorsal side of the tail. Ultimately, 15 leopard individuals were identified during the first survey period of the study and four individuals were recaptured in the second survey period, together with three new individuals. The detection probability of individual leopards from MARK varied from 0.10 and 0.20 with a population size (preliminarily estimated to be 16-25 (SE = 3.18) in 2107 and 7-13 (SE = 1.87) in 2018. This gave a density of 4.5 to 9.5 leopards/100 km 2 , respectively. A home range of various individual leopards was found to extend from the Gallies Reserved Forest to the extended corridors of Guzara Forest. In general, this study suggests that the Guzara Forest is crucially important for the conservation of leopards in the region as this area allows them extended movement while searching for food and mates.
Introduction
The leopard is one of the most widespread territorial mammalian carnivores on earth (Nowell and Jackson 1996; Hunter et al. 2013; Ripple et al. 2014) . The solitary and opportunistic nature of this species enables it to be highly adaptable to different environmental conditions, which range from Africa to the Middle East, Asia, through to the far north of Russia, and then eastwards to Southeast Asia (Nowell and Jackson 1996; Dickman and Marker 2005; Stein and Hayssen 2013) . Leopards are found in a wide range of habitat types from tropical, subtropical and humid forests, mountain, savannah and scrub through to deserts (Nowell and Jackson 1996; Sanei et al. 2011a; Stein and Hayssen 2013; Shehzad et al. 2014; Athreya et al. 2016) . They feed on a broad range of prey species, such as ungulates, birds, rodents and reptiles (Sanei et al. 2011b; Mondal et al. 2012a; Shehzad et al. 2014; Kshettry et al. 2018) . Leopards are wide-ranging carnivores. They defend their territories and maintain their home ranges for natural ranging and foraging activities. Brown and Orians (1970) define territories as 'a fixed, exclusive area with the presence of a defence that keeps out rivals'. The concept of a home range is described as an area in which the animal pursues food or engages in routine activity (Jewell 1966; Burt 1943) . Leopards also persist in high 'human-use' areas Kshettry et al. 2017) . However, despite all these flexible characteristics, the leopard population is declining throughout their species range. As a result, leopards are now absent from 63-75% of their historical range, with the highest rate of decline in Asia where several subspecies are characterised as endangered (Stein and Hayssen 2013) . Jacobson et al. (2016) demonstrated that leopards have disappeared from 83-87% of their former range in Asia, while the distribution in Africa has declined to around 48-67% of their former distribution (Sheikh and Molur 2004; Ghalib et al. 2007; Laguardia et al. 2015; Sanei et al. 2016) .
The main threats to leopards include habitat loss and degradation, developments close to protected areas, rapid depletion of the natural prey base, poaching, and conflicts with livestock causing revenge killing by the livestock owners (Fahrig 2003; Athreya and Belsare 2007; Mondol et al. 2009; Sanei and Zakaria 2011c; Sanei et al. 2012; Kabir et al. 2013; Qi et al. 2015) . Isolation and fragmentation of habitats are further threatening the leopards within their remaining ranges by undermining the genetic health of the populations (Spong et al. 2000; O'Brien and Johnson 2005; Quaglietta et al. 2013) .
In this study, we aim to establish baseline information for long-term monitoring of leopards to further improve the management and conservation of the species in the Gallies and Murree Forest Division in northern Pakistan. The findings will also provide a general understanding about leopard habitats in Pakistan. The objective of this current study is to establish baseline information for the long-term monitoring and effective management of leopard conservation in the Gallies and Murree Forest Division. The approach will provide a model for other leopard habitats in Pakistan. This approach also provides additional information on the presence of prey species for leopards in the area.
Leopards in Pakistan
In Pakistan, leopards were once widely distributed across the country in a variety of habitats and regions such as Punjab Baluchistan, Khyber Pakhtunkhwa, Sindh, Azad Jammu and Kashmir (Roberts 1977) . Leopards are now known to be sparsely distributed across the country (Sheikh and Molur 2004; Henschel et al. 2008; WWF-Pakistan 2014) . A principal reason for this is deforestation (only about 2.5% of the original forests remain) with an annual rate of decline of forest cover of 2.1% (FAO 2007) . The erosion of land as well as landslides, mainly due to high deforestation, private land ownership in the surrounding Guzara Forest of protected areas, and the right of local communities to collect fuel wood within these zones, are further threatening these habitats (Ashraf et al. 2014) .
In Pakistan, the leopard is classified as critically endangered in the Conservation Assessment and Management Plan developed by the IUCN (Sheikh and Molur 2004; Henschel et al. 2008) . As habitats in Pakistan are increasingly populated by humans, there has been a decline in the local leopard populations and ranges, as well as their prey species, and livestock-leopard conflicts have increased (Uphyrkina and O'Brien 2003; O'Brien and Johnson 2005; Mondol et al. 2009; Ripple et al. 2014) . Leopard attacks on humans occur occasionally across northern Pakistan (Lodhi 2007 ) and several leopards are poisoned or shot annually in reprisals (Muhammad Asad, pers. obs as Conservation Officer (2013 -2014 . Six leopard mortalities were reported in Ayubia National Park and the surrounding Guzara Forest between November 2011 and December 2012 after two children were attacked and killed (Khyber-Pakhtunkhwa Wildlife Department and WWF-Pakistan). It is likely that many leopard mortalities are not reported (Personal communication). For example, we found two leopard bodies with their skin removed in the Gallies Forest Division during our data collection for this study that had not been reported to Khyber-Pakhtunkhwa Wildlife Department.
Other threats to leopards include poaching, trapping cubs for animal dealers, and the trade of body parts and skins. Skin, claws, and teeth are available for sale in markets in northern Pakistan (Personal communication. Theile 2003; Ripple et al. 2014) . Leopards are protected under the law but rules and regulations are poorly implemented on the ground, as there are no checks and balances within the limited management capacity of local wildlife departments.
The lack of a compensation programme to recompense livestock owners for relative losses, e.g. in Swat and Dir regions, or slow compensation procedures, e.g. in Gallies Forest, further undermine leopard conservation by causing local people to resent leopards (Shehzad et al. 2014) .
Leopard vulnerability to extinction is higher than for other cats due to their wideranging natural movements for food and mates as this exposes them to higher risks (Cardillo et al. 2004 ). Stein et al. (2016) suggested a sparse distribution of leopards in Waziristan, Sindh, Punjab, and Ayubia National Park. However, knowledge of species abundance and density is vital for conservation efforts at both the species and population levels (Williams et al. 2002; Royle and Dorazio 2008) . Knowledge about the status of leopard distribution and density is vital for successful conservation and management programmes (Borah et al. 2013; Jacobson et al. 2016) . This allows for the allocation of appropriate resources, the development of effective mitigation measures, adaptive responses by wildlife managers in case of conflict, and the prioritisation of conservation efforts in high-value habitats.
In Pakistan, there are no robust estimates for the current distribution and density of leopards. Phylogenetic analysis confirms the presence of two subspecies P. p. saxicolor, P. p. fusca (Asad et al. 2019) . Few studies on diet analysis and conservation have been conducted that address human-leopard conflicts (Lodhi 2007; Kabir et al. 2013; Shehzad et al. 2014) , although these studies at least indicate the presence of leopards in different areas (e.g. Galyat, Azad Kashmir and Sindh). Khan et al. (2013) assessed the current distribution and status of mammals, including leopards, in the Khirthar protected area. Anecdotally, the leopard is assumed to have a stable population in northern Pakistan, including the Swat, Dir, and Margala Hills regions (Shehzad et al. 2014) . However, the local people and the Wildlife Department in Khyber Pakhtunkhwa (Province) believe that the species has disappeared from the Swat and Dir districts. Recently, the presence of leopards has been confirmed in the Ayubia National Park and the surrounding Forest Reserve of Khyber Pakhtunkhwa and Murree following the detection of leopard scats (Shehzad et al. 2014) . Observations of human-leopard conflicts have been made in the Machiara National Park, Azad Jammu and Kashmir, and the Ayubia National Park by Lodhi (2007) and Kabir et al. (2013) .
Estimating the presence of leopard populations is difficult as they have large ranges in their natural habitats and usually occur at low densities (Tobler and Powell 2013) . Observations of human-leopard conflicts have been made in Machiara National Park, Azad Jammu and Kashmir, and Ayubia National Park, by Lodhi (2007) , Kabir et al. (2013) and Shehzad et al. (2014) , who analysed the diet of leopards in Ayubia National Park. Many of these also act as conservation studies and so are important for understanding the ecology and behaviour of the top predators in specific ecosystems and for the effective conservation of the species (Brodie 2009 ). Meetings and semistructured interviews have been used to ascertain leopard presence-absence from regions (Abdollahi 2015) . Semi-structured questionnaires were used to collect presenceabsence information from villagers in Swat (Ahmad et al. 2014) and their presence was confirmed by installing camera-traps to collect spatial and temporal information and develop a picture of species distribution (Mondal et al. 2012b) . The presence-absence data of a species is vital for researchers in conservation-related efforts, particularly for cryptic carnivores (MacKenzie 2005) . Therefore, sampling with multiple procedures and combining sampling processes is often required to construct reliable presenceabsence datasets (Manly et al. 2002; MacKenzie 2005) .
Obtaining information about abundance, predictability, and site occupancy is challenging over the range of habitats that leopards inhabit, as they have a wide range and occur in low densities (Balme et al. 2009; Kery et al. 2010) . Closed populations and capture-recapture frameworks have been used to estimate the abundance of many elusive carnivores, such as tigers (Panthera tigris) and leopards (Karanth 1995; Wang and Macdonald 2009; Wegge et al. 2009 ), jaguars (Sollmann et al. 2013; Tobler and Powell 2013) , ocelots (Trolle and Kery 2003) , clouded leopards (Borah et al. 2013) , and snow leopards (Alexander et al. 2016) . These frameworks require all individuals to be identifiable and to have reasonably high capture probabilities, with a random sampling of individuals (Harmsen et al. 2011) .
Estimates of felid presence include abundance and density estimates for the common leopard and the clouded leopard in Manas National Park (Borah et al. 2013 ), estimates of a tiger population from camera-trap data (Karanth 1995; Wang and Macdonald 2009 ), estimates of jaguar density with camera-traps (Tobler and Powell 2013) , and estimates of grazing mammal densities using camera-traps (Rowcliffe et al. 2008) .
Camera-trapping has recently emerged as a promising method for estimating the abundance of elusive carnivore species in ecological sciences by identifying individuals through their unique pelage patterns with minimal disturbance (Karanth 1995; Heilbrun et al. 2003; Henschel and Ray 2003; Alonso et al. 2015) . Camera-traps are a useful technique for observing and assessing animal information in situ Balme et al. 2009; Tobler and Powell 2013; Bashir et al. 2014) . As such, camera-traps have been adopted widely for detecting the presence, abundance, and the proportion of sites occupied by a species (Kery et al. 2010 ). Camera-traps and fieldbased surveys obtain sufficient spatial and temporal information for the species that are present within the sample unit to estimate the total population for an entire area (Henschel and Ray 2003; Silver et al. 2004; Jackson et al. 2006; Rowcliffe et al. 2008; Maffei and Noss 2008; Wang and Macdonald 2009; Sundaresan et al. 2011; Sollmann et al. 2013; Karki et al. 2013; Bino et al. 2014) . As a territorial animal, a leopard generally does not leave a territory unless removed by humans or killed. Males usually show less variation in movement patterns than females, although the distance travelled by both sexes is similar, except around birth (Morten and Per 2005) . We assumed that any differences in movement patterns between the sexes would not affect our closed population assumption because we sampled over the same season. Encounter histories were constructed from individual leopards observed in each sampling period (Silver et al. 2004; Wang and Macdonald 2009; Alonso et al. 2015) .
Capture-recapture methods have been widely used to estimate abundance and density from camera photos in many carnivores, such as the snow leopard (Panthera uncia), tiger (Panthera tigris) (Sharma et al. 2010) , bobcat (Lynx rufus), (Alonso et al. 2015) , black bear (Ursus americanus) (Fusaro et al. 2017) , jaguar (Panthera onca), (Silver et al. 2004 ) and common leopard (Panthera pardus) (Harihar et al. 2009 ). MARK capturerecapture (CMR) has also helped quantify distribution and abundance of prey (Otis et al. 1978; Karanth 1995; Soisalo and Cavalcanti 2006; Jackson et al. 2006; Balme et al. 2009; Alonso et al. 2015) . The CMR framework presents an advantage if individual animals are able to be identified from their unique pelage patterns as this allows individual encounter histories to be constructed on different occasions using this framework (Soisalo and Cavalcanti 2006; Alonso et al. 2015) . Population size and capture prob-abilities of the target species may be estimated (Alonso et al. 2015) and produce robust population estimates for many elusive carnivores (Heilbrun et al. 2003; Jackson et al. 2006; Balme et al. 2009; Rozhnov et al. 2015; Thornton and Pekins 2015) .
The same robust approach was used in this study to estimate the abundance of common leopards in the Gallies and Murree Forest Division of Pakistan. A CMR model combined with Arc GIS mapping was used. CMR analysis is used to estimate abundance for closed and open populations (Karanth 1995; Borah et al. 2013; Alonso et al. 2015) . A closed population allows a more robust estimate of population size than an open model, assuming there are no births, deaths or migration during the study period (Otis et al. 1978; White and Burnham 1999; Jackson et al. 2006; Balme et al. 2009 ). Several studies have used the average of mean maximum distance moved MMDM or ½ MMDM for individuals captured by more than one camera-trap. A buffer is then estimated around each camera-trap to calculate the estimated sample area (ESA) (Karanth and Nichols 1998; Sollmann et al. 2013; Tobler and Powell 2013) . The ESA is considered more accurate if calculated with the buffer of a full MMDM, which is believed to be larger for species with large home ranges (Silver et al. 2004; Soisalo and Cavalcanti 2006; Sollmann et al. 2013) . A small sample area could mislead and allow overestimation of a population size (Harmsen et al. 2011; Tobler and Powell 2013; Thornton and Pekins 2015) . We estimated the number of leopards that we didn't see and added to those that we did (abundance) from CMR and then calculated how many there are in an area (density).
Materials and methods

Study area
The study was conducted in northern Pakistan, across the Gallies Forest Division (34°04'07"N, 73°41'03"E), Murree Forest Division (33°52'26.34"N, 73°23'42.21"E), Swat (35°01'10.70"N, 72°08'50.93"E), and Dir districts (35°51'11.19"N, 72°50'30.46"E) and the Margalla Hills region (33°44'23.99"N, 73°2'18.00"E).
The area of the Gallies Forest Division comprises a 15,716 ha Reserve Forest and a 8,224 ha Guzara Forest, which is also managed by the Khyber Pakhtunkhwa Forest Department. The Ayubia National Park is located in the Forest Reserve of Gallies Forest Division with a total area of 3,312 ha surrounded by other Reserved Forest. The Guzara Forest of the Gallies Forest Division is linked to the Reserved Forest that is surrounded by five villages. The boundaries of the Reserve Forest and Guzara Forest are disputed (Lodhi 2007) . Guzara Forest acts as a corridor that allows species to extend their movement into an area with low human densities while searching for food ( Fig. 1) . The main source of income for local people is seasonal tourism and livestock (Lodhi 2007) . The total area of the Murree Forest Division is 19,000 ha and comprises Reserve Forest, Protected Forest, and Guzara Forest. The Murree Forest Division manages 22 Protected and 23 Reserve Forest patches (Ashraf et al. 2014; Ahmed and Mahmood 1998) . Most of the available knowledge on Pakistani leopard presence-absence, diet and human leopard conflicts are only available for these places, so it is assumed that they have rela-tively stable leopard populations (Shehzad et al. 2014) . The total area of the Margalla Hills is 17,386 ha. The Margalla Hills is an extension of the Islamabad Wildlife sanctuary that includes Shakar Parian Hills and Rawal Lake (WWF-Pakistan).
Our study area lies in the outer Himalayas in the sub-tropical continental highlands and encompasses two distinct ecological zones, 'moist temperate coniferous forests' and 'chir pine subtropical forests' (Ashraf et al. 2014) . Mammals within the sampled area include the leopard cat, Prionailurus bengalensis, jackal, Canis aureus indicus, rhesus monkey, Macaca mulatta, marten, Martes flavigula, Indian palm civet, Paradoxurus hermaphroditus, Himalaya palm civet Paguma larvata and red fox, Vulpes vulpes (Shehzad et al. 2014 ). There are no recent forest maps in Pakistan that include Guzara Forest, except for the Murree Forest Division, and the Ayubia National Park that were developed by WWF-Pakistan during delineation of the forest boundaries (Ashraf et al. 2014; Abbas et al. 2010) . We delineated the boundary between Reserved Forest and Guzara Forest with the help of ArcGIS from the old maps provided by the Khyber-Pakhtunkhwa Wildlife Department (Fig. 1 ).
Questionnaire survey
Between April 2017 and March 2018, we conducted questionnaire surveys (n = 1028) among local communities living close to the study areas of Galyat, Murree, Margalla Hills, Swat and Dir where they were asked to identify potential sites for detecting leopard presence. Around 30 questionnaires were completed at each village; in total, there were 35 villages. These villages were randomly selected from the union council map and, within each village, interviewees were randomly selected. The following information was collected: livestock depredation, time of attack, and type of injury, e.g. bite marks on neck or missing dogs or human casualties. Where possible, we validated the collected data by visiting each site as well as interviewing local Khyber Pakhtunkhwa Wildlife Department staff and nomads.
A total of 69 leopard records were identified from the questionnaire surveys. Out of these, 39 records were from Galyat and Murree, 24 from Swat and Dir, and 6 from Margalla Hills National Park. Six locations were later discarded from Galyat region due to the doubling of locations with different names, giving a final count of 63 sampling sites. Data were used to choose sites for future tracking surveys and cameratrapping ( Fig. 1 ).
Tracking survey
We conducted surveys in selected sites where leopards had been reported. Each trail surveyed was 4-10 km in length and was completed between 0700 and 1700 hr. We searched trails for signs of scats, territorial markings, and tree scratches that implied leopard presence-absence. Signs of leopards were recorded and photographed. Areas were identified on the trails that had frequent leopard movements (Fig. 2) . Such loca- tions were used as sites for the camera-traps. We were not able to sample from the Margalla Hills Region due to the insufficient number of camera-traps available and relied on transect sampling data for confirmation of leopard presence-absence.
Secondary data on leopard attacks on humans that resulted in injuries or deaths, cases of revenge killing, as well as leopard natural deaths when detected, were collected from Khyber Pakhtunkhwa Wildlife Department and WWF -Pakistan for the years 2005-2018 for the district of Abbottabad.
Camera trapping
We conducted camera-trap surveys along the tracking trails in 63 locations across Galyat and Muree, Swat and Dir. Camera-trapping was conducted, from April to July 2017 and from March to June 2018. The survey was carried out in summer because of heavy snowfalls in winter. The study area was divided into three sections: Galyat and Murree, Swat and Dir, and the Margalla Hills. We deployed 14 camera-traps in two sections (a total of 63 locations) for a period of 14 days at 20-40 cm above the ground (Balme et al. 2009 ).
Leopards are generally nocturnal and most active during dawn and dusk (Ray-Brambach et al. 2018 ). Thus to extend the battery life, the camera-traps were only active between 6 pm -8 am. Nomadic farmers and their grazing livestock were generally active during the daytime. Also, male and female leopards have different activity patterns over a 24-hour period. (Ray-Brambach et al. 2018) . The camera-traps were Figure 2 . Representation of the study area with the effective sample area of the different hotspots identified. The buffer shows the MMDM from the leopards captured more than once from different locations. The hotspots were linked with the number of signs found on each track. The trails were named by the closest village, and the leopards were named according to the track on which they were photographed. checked every two weeks to replace the batteries and re-position the cameras, if required. Camera angles, trigger speed, detection zones and time-lapse between the triggers were set according to the previous literature about installation considerations (see Rovero et al. 2013; Trolliet et al. 2014 and details below) .
Two cameras, one on either side of the trail, were placed at each site facing each other, to capture both flanks of a passing leopard.
This allowed the identification of individual leopards from their unique rosette of spots (Karanth 1995; Heilbrun et al. 2003; Silver et al. 2004) . Cameras were set with a high trigger speed (0.2-0.8 seconds) with a recovery time of 1 and 0.5 seconds, respectively, for the two cameras. Three photos per trigger were taken to capture leopards as they move faster on trails than in other topography types (Scheibe et al. 2008 ). The photographs were then manually examined for leopard detections. We relied on transect sampling data in the Margalla Hills as we did not have a sufficient number of camera-traps or time to complete the standard method.
A preliminary abundance estimate
To estimate the abundance in Galyat and Murree, where the leopard population is considered stable (Shehzad et al. 2014 ), camera-trapping was repeated for a second season, from March-June 2018. Camera-traps were also placed in the five connecting trails identified earlier through the preliminary survey in the locations where no leopard signs were found. This was to satisfy the assumption that no animals have zero capture probability (Balme et al. 2009 ) as leopards may use areas but leave no sign. Neither are they detected by locals.
The spacing of camera-traps was based on the minimum home range recorded for an adult female leopard with cubs, 5.2-6.6 km 2 in Nepal (Morten and Per 2005) and 8 km 2 in north-central Namibia (Dickman and Marker 2005) . Most studies show that the home range size varies in female leopards around birthing time (Rozhnov et al. 2015) while the distribution of prey and the location of females most affects the home range size in males (Bailey 1993; Odden and Wegge 2005) . Since the width of trails varies from 0.5-3 metres, it was not practical to obtain detailed images of both flanks on trails with less than 1 m width. On wider trails (i.e. over 1 m width), the cameras were set at a 90 o angle from the direction of the trail to obtain images of both flanks of every passing leopard. It was difficult to obtain detailed images of both flanks on trails less than 1 m in width. Cameras were set at a 45 o angle on trails with less than 1 m width for obtaining clear images required for the subsequent individual identifications.
The sex of individuals was identified by their distinctive morphological features (Balme et al. 2012) , and each identified individual was given a name based on the track that they were recorded in. Camera-traps were moved frequently from one location to another after 14 days, as we discovered new trails with leopard sign. Individual leopards were identified from their unique rosette patterns, based on the guidelines from Heilbrun et al. (2003) and Jackson et al. (2006) . The independence of events was addressed on the basis of instructions provided in the same references. We used the image manipulation programme GIMP, available online at http://gimp.org to digitise unique noticeable spots found in different areas of the body. We analysed spot to spot to differentiate individuals from one another.
Preliminary mark-recapture practice
The MARK Program (Version 8.2; White and Burnham 1999) was used to estimate the abundance of leopards (White and Burnham 1999; Alonso et al. 2015) . As a requirement of the model, the population is assumed to be closed with no natural mortality and permanent movements into or out of the survey area over this period. We believe that we met this assumption because of the short duration of the study.
The capture histories were constructed for 14-day sampling periods for each leopard simply by defining each day and night as a single session, resulting in 14 sampling occasions, to provide the maximum number of capture histories. We fitted seven priori models (plausible simple models with different combinations of covariates) to the data, which represent different combinations of factors that may affect capture probabilities: behaviour (probability of recapture of a different individual comparing to the probability of the first capture), individual heterogeneity, year, and survey night. The models are notated with the factors affecting capture probability indicated in parentheses. The data from each year were entered as different groups in the software to enable parameters to be shared between the two years. Models were compared using AIC, and model averaging was used to obtain overall abundance estimates. To estimate density from the abundance data, we determined the effective study area by calculating the buffer (the average of the maximum distance travelled between capture locations Fig. 3 ) around each camera-trap, as determined by MMDM. (Sollmann et al. 2013; Tobler and Powell 2013; Karanth and Nichols 1998) . The density of leopards was calculated from the abundance data generated by Program MARK D = N/A, where A is the area covered during the sampling period (effective study area) and N is the number of leopards estimated by Program MARK.
Results
Presence and absence
In Galyat and Murree we recorded 192 leopard photos over 1,930 trap-nights, representing a capture success of 9.94 captures/100 trap-nights. We also located 58 territorial markings that included scats, scrapes and tree scratches. Most camera-trap photos (67%) were caused by the movement of local people and mostly from four camera stations Lalazar track, Pipeline track, Baragali track and Nagribala track. Non-target species, such as the fox, jackal, porcupine, wild boar, martens, rhesus monkey, and civet, comprised 21% of the images. Domestic livestock (goats and cows) represented 8.7% of the total images; false triggers, where there was no obvious reason for activation, comprised a relatively low 2% (Table 1) . In Swat and Dir we recorded one leopard at one camera-trap station from Shangla (Swat) over the 1,092 traps nights and located only two territorial markings in Nehagdara (Upper Dir) while scoping trails for leopard signs. We collected a total of 11,806 photographs, which mainly comprised the movements of livestock (sheep, goats, and horses) of the nomads (34%), local community, including hunters, contributed 32% of the total images. Nomads are people who travel from the plains to the hills during the summer to graze their herds (sheep, goat, cattle) and local communities are the people resident in the area for all of the year. False triggers and non-target species (e.g. foxes, jackals, porcupines, dogs, and domestic cats represented 18% and 14% of the total images respectively ( Table 2) ).
In the Margalla Hills, we conducted a walking survey for leopard signs at six locations across the area along 4-10 km-long transects, between 0700 and 1700 hr. We found four signs of leopard territorial marking as well as scats on four survey sites, which confirmed the presence of leopards in the area.
Individual recognition
We examined each individual leopard image for their unique spot pattern. The most distinctive body parts used for identification and comparison were the left and right flanks and the dorsal surface of the tail (Figs 4-6) . A total of 15 individuals were identified during the first survey and four of them were recaptured in the second survey along with three new individuals. Leopards were recorded from 27 out of 39 hotspots (potential area of high leopard use) identified in the questionnaires or by previous signs). A total of 18 individuals were identified based on their unique rosette patterns. Leopard ID 01, an adult male, was observed on three separate trails that were adjacent. Four males and three females were observed on two trails with overlapping home range, and the rest of the identified leopards were observed on individual trails. Leopards from eight hotspots were not identified during the second year, as there were no clear images showing their distinguishing spots.
Preliminary abundance estimate
A summary of the model selection process is given in Table 3 , where models are ranked according to AICc (Akaike information criterion is a technique that uses in-sample fit to estimate the likelihood of a model to predict/estimate future values (Akaike 1974) . The top-ranked model assumes a constant capture probability, while the second-ranked model allows different capture probabilities in each year. The small difference in -2*log-likelihood suggests that the additional parameter explains little additional variation in the models. All models produced similar estimates for the leopard abundance for each year. Models that allowed for capture heterogeneity, p(het),pi(.), p(Year+het),pi(.), were not ranked highly by AICc which suggests some evidence of heterogeneity. The model-averaged abundance estimates for Galyat and Murree include 19, in 2017, and 9, in 2018, with 95% confidence intervals for 16-25 (2017) and 7-13 (2018) , respectively, in the effective sample area of 200 km 2 derived from MMDM. The mean distances travelled by four adult male and three adult female leopards were 7 km and 4.6 km, respectively. We used a 6 km buffer (Fig. 2) , for each camera trap, derived from the mean maximum distance moved by four adult males and three adult females with more than one capture event on more than one camera trap (Fig. 3) . Accordingly, the estimated leopard density at 200 km 2 was concluded as 9.5 individuals/100 km 2 in 2017 and 4.5 individuals/100 km 2 in 2018. The total estimated area of the Gallies and Murree forest Division is approximately 430 km 2 , giving a total population estimate, if leopards are potentially found in all habitats in this region, of 40 leopards in 2017 and 19 in 2018. Individual sexes were identified from their external morphological characters. Eleven males and seven female leopards were identified. The sex ratio of male to female leopards in the study area, according to the camera-trapping, was 1.5:1.0. The mean encounter rate of females was higher than males on individual trails. The number of identified hotspots and leopard encounters was highest in Guzara Forest. The lowest numbers of hotspots and encounters were identified in the Cantonment and Municipal Forest (see Fig. 7 ).
Based on records obtained from the Wildlife Department Khyber Pakhtunkhwa and WWF-Pakistan in Abbottabad District, the mean number of leopards killed per year was 2.8 ± 0.50. Eight leopards also died in captivity, including two cubs. Two leopard bodies were found during our camera-trap survey, in 2018, that were not reported but that showed signs of illegal hunting (their skins were removed). The overall number of leopards that died in the winter was the same as that in the summer although more males were killed in the summer than the winter, whereas more females were killed in the winter than the summer (Fig. 9 ). 21 attacks on humans were registered between 2005 and 2018 and, in response, 40 leopards were killed in retaliation (Fig. 8) . The mean number of leopard attacks per year was 1.5 ± 0.60. Ten of the attacks were lethal and the other 11 caused severe injuries. 
Discussion
Our study confirmed the existence of leopards in the Swat, Dir and Margalla Hills regions of Pakistan. Combined with a MARK-recapture model, our camera data provided a first estimate for the leopard population in the Gallies and Murree Forest Division. The preliminary questionnaire survey was useful in identifying the information related to hotspot/trail and allowed us to cover a large area of rugged terrain, with limited accessibility, to maximise the detection probability and monitor population abundance. The data for abundance was collected over two sampling periods, April -July 2017 and March -June 2018. Some biologists recommended a shorter duration of 2-3 months to minimise the gain/loss that occurs due to natural mortality and permanent movements into or out of the survey area during a study (Karanth 1995; Jackson et al. 2006 ) however, others have pressed for an extended survey in order to capture more data, maximise the accuracy and improve the confidence for a closed population (Simcharoen et al. 2007; Wang and Macdonald 2009) . Our camera-traps were not distributed in a grid pattern, which is also recommended to maximise accuracy (Tobler et al. 2008 ). This was difficult to achieve in our study areas because of accessibility and logistics. Local knowledge and expert opinions maximised the number of captures and increased the chances of individual identification. It is crucial to identify trails that leopards may use before placing the camera-traps, as this will maximise capture probability (Balme et al. 2009; Karanth and Nichols 1998) .
It was difficult to obtain quality images of both sides of a leopard's flanks on paths narrower than 2 m in width. We were able to match sharply defined pelages on the hind limbs and dorsal tail surface of each individual, which increased our precision when using CMR analysis in a single estimate for a given population (Alonso et al. 2015) . The common leopard also changes the shape of its rosettes with the movement of its body and its orientation to the camera-trap. We found that setting the camera at an angle of 45 o to the track obtains clear spots and rosettes from the hind limbs or dorsal surface of tail, for individual identification. We identified individuals by comparing photos of each individual to other leopards and photos with clearer patterns were considered for comparison for individual recognition.
We are confident of our ability to identify individual leopards from photograph images and to capture histories obtained from camera-traps. We believe that cameratrapping is a viable tool for estimating the common leopard population size by maximising capture probability by placing camera traps at the priori identified hotspots located prior to the placement of camera-traps. Mixing probability estimates (Averaging effect from combining different models) suggested little evidence of heterogeneity as the estimate for pi is essentially 1, which we suggest was due to the small sample size.
The abundance estimates obtained from the data collected during the two years of camera-trapping, are 16-24 leopards in 2017, and 7-12 in 2018. Rather than a large decline in population between the years, we think it is likely that the population has remained the same. While there were fewer captures in 2018 (71 vs 121) there were also far fewer clear images that allowed individual patterns to be identified (46% vs 71%).
If, for example, the identification rate in 2018 had also been 71% then this would have estimated a population of 12-18, which falls within the range of 2017.
We are not sure why there was an absolute change in leopard images captured between the years. The difference may have been a result of a change in individual movements around their territory or possibly due to weather. There were drought conditions in 2018 compared to 2017 (Pakistan Metrological Department). Drought conditions may have affected the prey density in the study areas, forcing leopards to extend their home range in search of prey and hence lowering the detection probability for the camera traps. Typically, studies have found little difference in the overall travelling of leopards in different seasons (Mizutani and Jewell 1998; Dickman and Marker 2005) , but there has been no research on the effects of an atypical season.
The frequency of capturing a leopard on the same track may be different depending on the size of the home range (Smith 1978; Silver et al. 2004; Rozhnov et al. 2015) . For example, a leopard that is captured twice a week on a track may have a smaller territory than a leopard captured once a fortnight (Personal communication). However, most studies show that home range size varies in leopard among sexes. For example, females around birthing time (Rozhnov et al. 2015) and the location of female for male home range size (Bailey 1993; Odden and Wegge 2005) . There is a possibility that the decline in population was real and may be due to the killing of leopards by poachers or unreported retaliatory killings. The total number of unreported killings may skew the number from 2.8 per year to a much higher number, as we did find signs of hunting from our field surveys and camera-trap data. Another possibility could be the sampling technique, such as moving a camera trap to an adjacent location over a short time frame, which means we could have missed out leopards in that area in the second survey.
The density of leopards in our study area, at 8-12 and 3.5-6.5 leopards/100 km 2 , is more or less similar to other CMR such as 13-14/100 km 2 in India (Harihar et al. 2009 ). 3-9 leopard /100 km 2 in India (Athreya et al. 2013) , Nepal (Carter et al. 2015) , Cambodia (Gray and Prum 2012) Other studies have yielded relatively fewer leopards, such as 5/100 km 2 in Bardia National Park, Nepal (Wegge et al. 2009 ) and 3-4 leopards/100 km 2 in Mondulkiri Protected Forest Cambodia, and Manas National Park Assam, India (Balme et al. 2009; Borah et al. 2013 ). The mean encounter rate of females was higher than males on individual trails, perhaps indicating that males have larger home ranges than females (Morten and Per 2005) .
This study confirmed the presence of leopards in the Swat and Dir and Margalla Hills despite the fact that the local people and the local wildlife department believe that the species had disappeared from the area. There is no record of livestock depredation and retaliation by villagers in close vicinity to the forest area. Interviews with nomads did confirm the depredation in the summer seasons. However they were unsure about the actual cause of those depredations, yet the details described were similar to that of the leopard predation (e.g. bite marks, dogs missing, etc.). The nomads travel from the plains to the hills during the summer in order to find fresh pasture on which to graze their herds. They keep the livestock in the open area overnight and are more vulnerable to leopard predation.
We recorded higher capture probabilities, 0.10 to 0.20, according to the model selected based on AICc weight p(.), than reported for leopards in other studies, e.g. 0.04 (Wang and Macdonald 2009) and 0.02-0.10 (Borah et al. 2013) for similar habitats and this might be due to the identification of areas of high leopard use with the questionnaire survey.
Another approach used for estimating leopard density by Balme et al. (2009) was to try to fit trail count data (n = 39 sites) to single-season models where each pair of rows represented a unique trail where the camera-trap was later installed. Unfortunately, we did not have enough replicates for each trail, and we often observed the same leopard on several trails (using their unique rosette patterns), which would overestimate the density of leopards in the study area. Therefore, we did not rely on the trail count data in our capture analysis. Camera-trapping is more effective if the cameras are equally distributed, and cover a large area and identify each individual captured, but this is hard to achieve in rugged terrain and with animals from large home ranges (Tobler et al. 2008) .
Leopards in Pakistan are sparsely distributed throughout the country (Sheikh and Molur 2004; Henschel et al. 2008; WWF-Pakistan 2014) and, hence, extensive sampling efforts and financial resources are required to cover the entire area to obtain sufficient information about their populations. One of the important outcomes of this research is to prioritise focusing on leopard hotspots from camera trap surveys, as they are a cost effective method for MARK-recapture analyses. To date, the abundance of leopards in Pakistan (Gallies, Swat, Dir, and Murree) has been anecdotal. The information about movement patterns and their dispersal behaviour is a conservation concern for many carnivores (Kanagaraj et al. 2013) .
We observed that leopards use the Guzara Forest around the reserve areas extensively as a part of their home range. Based on information obtained from the Wildlife Department Khyber Pakhtunkhwa and WWF-Pakistan, 70% of the leopards that were killed by humans for revenge were outside the reserve area (Guzara Forest) and near the villages, and mostly during the winter season (Personal communication). The Guzara Forest received comparatively less snow in the protected areas, which may explain why leopards were more likely to be found there in winter and close to human settlements (Personal communication.).
Conservation efforts should focus more on hotspots identified in the Guzara Forest surrounding the Reserved Forest as this may reduce human-leopard conflicts. These forests allow leopards to extend their movements while searching for food. This extension also occasionally led to livestock depredation by leopards and resulted in the revenge killing of the leopards. Immediate compensation for losses of the livestock owners and a comprehensive awareness raising programme for schoolchildren together with the other members of the local community may significantly reduce the conflict between humans and leopards. Some schools are located near those observational area and children travel through these routes to reach schools. Random attacks by leopards on children sometime create a stressful situation for children. Avoiding leopard trails during dawn and dusk can minimise the chances of such attacks.
We strongly recommend using a modified version of our protocol, in regions and areas where the presence of leopard populations is ambiguous. Our study suggests that camera-trapping, combined with a MARK-recapture method, can be useful for estimating the abundance in leopard habitat over time given the maximum number of individuals identified. Locating the remaining leopard population needs to be a high priority as this will, then, allow a focus on other conservation issues for this species.
The ultimate threat to the leopards and their occurrence in this habitat is extensive legal and illegal hunting activities. The Wildlife Department has issued numerous licences to locals for hunting the birds as part of the revenue generation programme. If a person is reported for illegal hunting, they are subjected to a low-value penalty and then re-issued with a licence. Then a person can effectively hunt anything since there are no checks and balances. Illegal hunting has created a disturbing condition for leopards that push them away from relative habitats. The other threats to leopards in this area are habitat degradation, unplanned infrastructure development, encroachment by humans, and an alarming use of the natural prey base.
Despite the limitation of camera placement in a grid, this camera-trap study provides the first evidence of the species presence in this area. The design method provided a reasonable way of estimating p (capture probability in this case) and we maximised the likelihood of capture by identifying hotspots. The mark recapture framework presents an advantage, as the individuals are identifiable from their unique pelage pattern. Although our method cannot provide absolute certainty with regard to abundance, we believe that the estimate we obtained from Mark provides a high degree of confidence when compared with actual field data of (identified individuals). However, to develop a sound conservation plan additional camera-traps studies on natural densities, habitat and the associated threats are needed in this region.
In conclusion, this research provides baseline information for leopard conservation and the mitigation of human and leopard conflicts for the Gallies and Murree Forest Division. The hotspots can be used to monitor population trends and any demographic changes through time. We also recommend future studies in different seasons and for longer periods. Our study suggests that the most productive conservation efforts may be beyond the protected area with special consideration given to those corridors (Guzara Forest) to ensure the long-term viability of leopard populations.
